Synthesis of nanorods CeO 2 (NR-CeO 2 ) catalysts. Ce(NO 3 ) 3 ·6H 2 O (1.736 g) and NaOH (19.2 g) were dissolved in 10 mL and 70 mL of MQ water, respectively. After aging at room temperature for 30 min, the mixture was transferred into a stainless steel autoclave for hydrothermal treatment at 100 °C for 24 h. The products were collected by centrifugation, washed with copious amount of water, and dried at 60 °C. Computational Details. DFT calculations were performed using the Vienan ab initio Simulation Package (VASP, version 5.3.2). 1-3 The exchange-correction potential function was treated by the generalized gradient approximation (GGA) with the spin-polarized functional of Perdew-Burke-Emzerh (PBE). 4 The wave functions were expanded in a plane wave basis with an energy cutoff of 400 eV, using a projector augmented wave (PAW) method. The DFT + U methodology was used to treat the on-site Coulomb and exchange interactions of the strongly localized Ce 4f electrons. 5, 6 An effective U = 4.5 eV value was chosen as previous studies suggested. 7 Brillouin zone integration was sampled with the 6 × 6 × 6 and 3 × 3 × 1 Monkhorst-Pack mesh k-points for bulk and surface calculations,
respectively. 8 As shown in Supplementary Fig. 14a , the CeO 2 (110) surfaces were modeled by a periodic five-layer slab repeated in a 2 × 2 surface unit cell using optimized bulk parameters, a = 5.468 Å, which is in good agreement with experimental value (5.411 Å). 9 The repeated slabs were separated from their neighboring images by a 15 Å vacuum in the direction perpendicular to the surface. The bottom three layers were constrained at the optimized bulk position, and the top two layers with the adsorbates were allowed to relax.
The structures were considered relaxed when all forces on each ion were smaller than 0.02 eV/Å, and the convergence criterion for the energy was 10 -5 eV.
The adsorption energies, E ads , are calculated by using the following equation.
  ads adsorbate+surface adsorbate surface
Where E adsorbate+surface is the total energy of surface covered with adsorbates, E adsorbate is the energy of adsorbate, and E surface is the energy of clean surface.
To locate the transition state structure of reactions, the minimum-mode following dimer method combined with a Nudged elastic band method was used. 10,11 All transition states were identified by vibration analysis. Fig. 17 ), the amount number of surface Ce 3+ species on the surface of CeO 2 catalysts can be calculated by the Supplementary Equations (1), (2) and (3):
Thus, the amount of surface Ce 3+ atoms (mmol/g) normalizing at 1.0 g of catalysts can be calculated by the equation (4): 
